Methods: Thirty-three patients with symptomatic cerebrovascular disease, 13 patients with asymptomatic cerebral infarction, and 25 age-matched normal control subjects were investigated. The symptomatic patients were divided into three groups; those with unilateral carotid artery obstruction, those with cortical infarction, and those with lacunar infarction. The carbon dioxide reactivity of each subject was determined by simultaneously measuring the mean spatial Doppler frequency in the middle cerebral artery and the end-tidal carbon dioxide partial pressure under normocapnic, hypercapnic, and hypocapnic conditions.
Results: In the patients with carotid obstruction, the carbon dioxide reactivity of the hemisphere ipsilateral to the obstruction was more impaired than the reactivity of the symptomatic hemispheres in any other group, and was significantly less than in the contralateral asymptomatic hemisphere (p <0.01). In patients with cortical infarction, the carbon dioxide reactivity of the symptomatic hemisphere was significantly less than in normal control subjects (p<0.05) and was also less than that of the contralateral asymptomatic hemisphere (p<0.05). In patients with lacunar infarction, the carbon dioxide reactivity of both hemispheres was significantly less than that in normal controls (p<0.01), although there was no difference between the symptomatic and asymptomatic hemispheres. In patients with asymptomatic infarction, the carbon dioxide reactivity was also less than that in normal controls (p<0.01).
Conclusions Computed tomography (CT) and contrast angiography of the brain were performed in all CVA patients who had gone over 1 month after their first ictus. None of these patients had an exceptionally rapid onset of the CVA, occlusive lesions in the trunk of either MCA, or ulcerated plaques in the major supra-aortic vessels. MRI was also performed when no cerebral infarction was found by CT. Based on the neurological signs and the above-mentioned examinations,9-1" these patients were divided into the following three groups: those with occlusion or severe stenosis (>90% of the luminal diameter) in the unilateral common or internal carotid artery and no occlusive lesions on the contralateral side (five patients), those with symptomatic cortical infarc- 
Results
As shown in Table 1 , there were no significant differences in age or in the incidence of several established risk factors for cerebral atherosclerosis (i.e., male sex, hypertension, diabetes mellitus, and hyperlipidemia) among each group of subjects. Table 2 summarizes the infarcts detected by CT in the CVA patients. Of the five patients with carotid obstruction (two with ICA occlusion, two with severe internal carotid artery stenosis, and one with common carotid artery occlusion), one had no infarction and four had watershed infarcts (<5 cm in diameter) in the symptomatic hemisphere; asymptomatic deep subcortical infarcts (< 1.5 cm in diameter) were also detected in two patients. The patients with cortical infarction all had small-to-moderate infarcts (<3 cm in diameter) in the symptomatic hemisphere, and three patients had additional asymptomatic deep subcortical infarcts (< 1.5 cm in diameter) in the symptomatic or contralateral hemisphere. In the patients with lacunar infarction, additional deep subcortical infarcts (<1.5 cm in diameter) were often observed in both the symptomatic and contralateral hemispheres (in 11 and nine of the 20 patients, respectively). In the five CVA patients with no infarction shown by CT, MRI demonstrated small infarcts responsible for their CVA symptoms in the symptomatic hemisphere, and additional infarcts were also detected by MRI in the contralateral hemisphere of two CVA patients with lacunar infarction. Figure 3 shows the k values of each group of subjects. The mean±SD k value of the non-CVA patients with asymptomatic infarction (0.027±0.005) was significantly lower than that of the control subjects without infarction (0.033±0.005). The k values for the symptomatic hemispheres of CVA patients were all significantly lower than those of the control subjects, and the mean k value for the symptomatic hemisphere of CVA patients with carotid obstruction (0.017±0.004) was significantly lower than that of CVA patients without carotid obstruction (0.027±0.004 in CVA patients with n, Number of subjects. Male, HT, DM, HL: incidence of male sex, hypertension, diabetes mellitus, and hypercholesterolemia, respectively. Except for male sex, there were no significant differences among the subjects with regard to any of these factors. both cortical and lacunar infarctions), which was not significantly different from the value in non-CVA patients with asymptomatic infarction. When the mean k value of the symptomatic hemisphere in all CVA patients without carotid obstruction was compared with that of the 38 non-CVA subjects, a significant difference was again found (0.027±0.004 and 0.031± 0.006, respectively).
On the other hand, with regard to the mean k values of the asymptomatic hemispheres of the CVA patients, only the patients with lacunar infarction (0.028±0.004) had a significantly lower mean value than that of the control subjects, even though it was not significantly different from that of the non-CVA patients with asymptomatic infarction. The mean k values in the patients with carotid obstruction and in those with cortical infarction (0.028±0.009 and 0.031+0.008, respectively) were not significantly different from the value in the control subjects. In addition, when the mean k value of the asymptomatic hemispheres of all CVA patients without carotid obstruction (0.029±0.006) was compared with that of the 38 non-CVA subjects, no significant difference was found.
Regarding k values for the symptomatic and asymptomatic hemispheres of the CVA patients, there were significant differences in both patients with carotid obstruction and in those with cortical infarction, whereas there was no significant difference in the patients with lacunar infarction.
Discussion
Many methods have been used to measure the vasomotor response of cerebral vessels to Paco2 changes (i.e., the cerebrovascular CO2 reactivity) in patients with cerebral infarction and potential impairment of the structure or function of smaller vessels that could cause a reduction in CO2 reactivity. In the present study, we used transcranial Doppler and exponential regression analysis to evaluate the cerebrovascular CO2 responsiveness of the MCA region of the brain in patients with or without CVA affecting this region. Determination of CO2 reactivity by exponential regression analysis has been performed before by conventional methods13 and has been used for clinical evaluation.14 Transcranial Doppler has been also used previously to measure CO2 responsiveness, but not for clinical evaluation8"2 or in association with exponential regression analysis.6'7 In this study, a quantitative evaluation of CO2 reactivity by exponential regression analysis was attempted for individual patients in the clinical setting. This method has been previously proved to correlate well with conventional methods,15'16 and in our experience it provides a good reproducibility when compared with that of cerebral blood flow measurements by other conventional methods. '7-'9 " /9 ___ In the current study, cardioembolic infarction would be unlikely since none of the CVA patients had an exceptionally rapid onset of the ictus, ulcerated carotid plaques, or severe heart disease (including arrhythmias). Therefore, the subjects had atherothrombotic or lacunar infarction (other than cardioembolic infarction), according to the clinical classification of cerebral infarction by the National Institute of Neurological Disorders and Stroke.1'
As reported previously,2 the patients with unilateral carotid obstruction showed severely impaired CO2 reactivity of the hemisphere ipsilateral to the obstruction. Transcranial Doppler assessment of the CO2 responsiveness has been reported to be useful for detecting hemodynamically critical carotid stenosis and occlusion,67 and quantitative assessment of CO2 reactivity by exponential regression analysis should also be useful for investigating hemodynamically critical carotid stenosis.
In the symptomatic CVA patients without obstruction of the carotid or basal cerebral arteries, the difference in k values between hemispheres was significant for the subjects with cortical infarction and not for those with lacunar infarction. In these two types of cerebral infarction, the cerebrovascular bed might show different patterns of impairment (i.e., local in patients with cortical infarction and diffuse in patients with lacunar infarction). Infarcts other than those responsible for the symptoms were detected by CT more often in the patients with lacunar infarction than in those with cortical infarction.
It has been reported by Yamamoto et a120 that cerebral vasomotor responsiveness to hypercarbia was reduced to a greater extent in the ischemic hemisphere than in the contralateral hemisphere, although both were impaired when compared with the response in normal healthy volunteers. Our results were largely in agreement with those of Yamamoto et al except that we could not detect impaired CO2 reactivity in the asymptomatic hemisphere when compared with control subjects. This might have occurred because our control subjects had risk factors for cerebral atherosclerosis, which had impaired CO2 reactivity to some extent. Nevertheless, our study newly suggested that the cerebrovascular bed was differentially impaired according to the type of cerebral infarction and that CO2 reactivity determined by the transcranial Doppler method could delineate this impairment.
The patients with asymptomatic infarction were only diagnosed as having lesions by MRI and could otherwise have been regarded as normal control subjects. Despite this, their mean k value was significantly lower than that of age-matched normal control subjects. Asymptomatic infarction is more often seen in hypertensive than in normotensive individuals, and the appearance of such lesions could be associated with hypertensive damage to the cerebrovascular bed. 21 The clinical significance is also uncertain; e.g., it is not clear whether these changes can be correlated with nonspecific symptoms like dizziness and headache, and it is not clear whether patients with such infarcts are likely to later develop overt CVA or dementia. Therefore, we wished to evaluate the effects of asymptomatic infarction on the cerebral circulation and so avoided selecting subjects as normal controls merely because of the absence of clinical CVA.
Various risk factors for cerebral atherosclerosis have been reported to be involved in causing impairment of the cerebrovascular bed and thus reducing CO2 reactivity. 20 Normal aging has been reported by some authors20,22 to have a similar effect, but it has also been reported to have no such effect.23 In this study, there was no significant difference among the subjects with regard to age or the incidence of risk factors. We were thus able to evaluate the effect of cerebrovascular disease on CO2 reactivity without any influence from other factors.
In conclusion, measuring the CO2 vasoreactivity by noninvasive transcranial Doppler ultrasound could document the characteristic changes in vascular reactivity in the different types of ischemic cerebrovascular disease (i.e., carotid obstruction, cortical or lacunar infarction, and asymptomatic infarction). Although patients with cardioembolic infarction and moderate or bilateral carotid stenosis were not evaluated in this study, the CO2 reactivity determined by this method probably should also enable assessment of impairment of the cerebrovascular bed in such cases.
